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Available online 20 December 2012AbstractEvaluation of the carbon, water, and energy balances in evergreen coniferous forests requires accurate in situ and satellite data
regarding their spatio-temporal dynamics. Daily digital camera images can be used to determine the relationships among
phenology, gross primary productivity (GPP), and meteorological parameters, and to ground-truth satellite observations. In this
study, we examine the relationship between seasonal variations in camera-based canopy surface indices and eddy-covariance-based
GPP derived from field studies in an Alaskan open canopy black spruce forest and in a Japanese closed canopy cedar forest. The
ratio of the green digital number to the total digital number, hue, and GPP showed a bell-shaped seasonal profile at both sites.
Canopy surface images for the black spruce forest and cedar forest mainly detected seasonal changes in vegetation on the floor of
the forest and in the tree canopy, respectively. In contrast, the seasonal cycles of the ratios of the red and blue digital numbers to the
total digital numbers differed between the two sites, possibly due to differences in forest structure and leaf color. These results
suggest that forest structural characteristics, such as canopy openness and seasonal forest-floor changes, should be considered
during continuous observations of phenology in evergreen coniferous forests.
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Comprehensive, long-term, and continuous in situ
and satellite observations are required to accurately
evaluate the spatio-temporal characteristics of terrestrial
ecosystem structure and function, and this has become
a particularly important task within the modern context
of global climate change (Muraoka et al., 2012).reserved.
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the timing of leaf expansion has advanced in Europe
(Menzel et al., 2006) and boreal Eurasia (Delbart et al.,
2008). These studies mainly targeted deciduous vege-
tation, as this exhibits clear phenological changes such
as leaf expansion, color development, and leaf fall.
However, evergreen coniferous forests showmore subtle
phenological changes. Detecting these changes is
important because these forests are found throughout the
world’s cool-temperate and boreal regions, where
carbon, water, and energy balances are expected to be
strongly influenced by global warming (DeFries and
Townshend, 1994; Kawamiya et al., 2012).
Previous studies indicate that seasonal variations in
gross primary productivity (GPP) in evergreen coniferous
forests follow a bell-shaped curve (increasing in spring and
decreasing in autumn) in response to seasonal variations in
temperature and photosynthetically active radiation (PAR)
(Saitoh et al., 2010; Thomas et al., 2009). In addition, the
color of the canopy surface changes in accordance with
seasonal variations in the photosynthetic pigments in
leaves, even when the plant area index (PAI) remains
constant throughout the year, as is the case in many
coniferous forests (Han et al., 2003; Hughes, 2011; Nagai
et al., 2012; Saitoh et al., 2010). These studies suggest
that long-term continuous phenological observations of
evergreen coniferous forests, fromplot to global scales, are
required if we are to accurately evaluate the carbon, water,
and energy balances of these forests, because seasonal and
interannual variations of phenologyhave a critical effect on
these systems (Richardson et al., 2010).
Recent studies indicate that daily images obtained
using digital cameras can be used to evaluate the
relationships among seasonal changes of vegetation,
GPP, and meteorological parameters throughout the
year (Ahrends et al., 2009; Richardson et al., 2009;
Saitoh et al., 2012b). Digital cameras are relatively
inexpensive to operate, and have small labor require-
ments, allowing the detection of subtle seasonal
changes at a higher frequency than is possible with
satellite observations, which are often influenced by
cloud and aerosol contamination (Saitoh et al., 2012b;
Sonnentag et al., 2012; Zhao et al., 2012). Such
cameras have also been used to ground-truth satellite
observations (Graham et al., 2010; Hufkens et al.,
2012; Ide and Oguma, 2010; Nagai et al., 2010,
2012), and Saitoh et al. (2012b) evaluated the temporal
and spatial distribution of potential photosynthetic
capacity from the relationship between seasonal vari-
ations in camera-based indices and GPP on sunny days.
In previous studies, seasonal variations in the digital
number of red, green, and blue (RGB) values havebeen used as a camera-based index that can be
extracted from digital camera images. These indices
were examined in spruce (Picea spp.) and pine (Pinus
spp.) forests in North America (Bater et al., 2011;
Richardson et al., 2009; Sonnentag et al., 2012), and in
a cedar (Cryptomeria japonica) forest in Japan (Saitoh
et al., 2012b). However, these studies were somewhat
restricted by the following factors:
(1) the relationship between GPP and the camera-
based index was not described (Bater et al.,
2011; Sonnentag et al., 2012);
(2) the target site was a single evergreen coniferous
forest (Richardson et al., 2009; Saitoh et al.,
2012b); and
(3) multiple camera-based indices were not investi-
gated (Bater et al., 2011).
To obtain data regarding the general or specific
characteristics of phenology in evergreen coniferous
forests, and to apply these data at regional to global
scales, it is necessary to examine the relationships
among daily canopy surface images, GPP, and mete-
orological parameters at multiple sites, where different
forest structural characteristics and climate conditions
occur, and where these differences affect the results.
In this study, we examine the relationship between
seasonal variations in camera-based indices extracted
from daily canopy surface images (obtained with
digital cameras), and eddy-covariance-based GPP
derived from field studies in an open canopy black
spruce (Picea mariana) forest in Alaska and in a closed
canopy cedar forest in Japan. Our aim is to ground-
truth the diagnostic attributes of the ecological char-
acteristics that can be detected in canopy surface
images from evergreen coniferous forests with
different forest structural characteristics.
2. Materials and methods
2.1. Study sites and observation period
The study sites were located in a boreal evergreen
coniferous forest (6507024.1000N, 14729014.8000W,
250 m a.s.l.) in the Poker Flat Research Range, Alaska,
USA, and in a cooletemperate evergreen coniferous
forest (3608023.0000N, 13722015.0000E, 800 m a.s.l.)
in Takayama, Japan. Carbon dioxide fluxes and
concentrations, as well as micrometeorological
parameters, have been monitored continuously at these
sites since 2010 and 2005, respectively (Saitoh et al.,
2010; Sugiura et al., 2011). Table 1 summarizes the
Table 1
Summary of vegetation and climatic characteristics at the Alaska and Japan sites.
Parameter Alaska Japan
Vegetation type Evergreen coniferous forest Evergreen coniferous forest
Dominant species Picea mariana (Mill.) Britton, Sterns et Poggenb.a Cryptomeria japonica D. Don,
Chamaecyparis obtusa Sieb. et Zucc.d
Height of tree canopy 2e6.5 ma 20e25 me
Tree age About 100 years About 40e50 years(d)
Annual maximum plant
area index (PAI,
excluding understory
vegetation)
0.46b 5d
Understory Sphagnum moss, Labrador tea (Ledum decumbens), tussock grassa Sparse shrubs, herbs, and fernsd
Annual mean air temperature 2.8 Cc 9.4 Cf
Annual mean rainfall About 200 mm About 1700 mm(f)
Snowpack period OctobereApril DecembereApril(f)
a Sugiura et al. (2011).
b H. Kobayashi, unpublished data.
c Above 11 m in 2011.
d Saitoh et al. (2010).
e Lee et al. (2008).
f Saitoh et al. (2012b).
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sites. The forest structural characteristic that differed
most between the sites was the tree crown density. The
yearly maximum PAI values differed by an order of
magnitude (w0.5 in Alaska and w5 in Japan).
2.2. Data
We used data obtained between 1 January and 31
December 2011 in Alaska, and between 1 January and
31 December 2009 in Japan.
2.2.1. Canopy images
To observe the forest canopy surface, we installed
a digital camera system comprising a Nikon (Japan)
Coolpix 4500 with an FC-E8 fisheye lens and a Hay-
asaka Rikoh (Japan) SPC31A controller (Nishida, 2007;
Tsuchida et al., 2005) on an eddy covariance tower at
each site. In Alaska, the system was installed at a height
of 17 m; in Japan, it was installed at 24 m. The camera
captured hemispherical images of the canopy surface
every 90 min (Japan) or 180 min (Alaska) during the
daytime, and stored them in the JPEG format. The
image size was set to 2272  1704 pixels, and the
exposure and white balance were set to automatic
throughout the study period. To avoid the effects of
diurnal changes in solar elevation on the images (Saitoh
et al., 2012b), we used only images obtained daily at
12:00 local time (LT) in our analysis. In Alaska, we used
daylight saving time throughout the year. The images
were provided by the Phenological Eyes Network(Nishida, 2007; Tsuchida et al., 2005) and are publicly
available at http://www.pheno-eye.org.
2.2.2. Tower flux-based GPP and micrometeorology
The tower flux-based GPP values were estimated
from the half-hourly net ecosystem exchange, which
was measured using the eddy-covariance method at
a height of 11 m in Alaska and 30 m in Japan.
In Alaska, eddy fluxes were measured using a Wind-
Master Pro ultrasonic anemometer (Gill Instruments,
Lymington, UK) and an LI-7200 enclosed infrared gas
analyzer (LI-COR, Lincoln, Nebraska, USA). In calcu-
lating the eddy fluxes, errors in thewind data recorded by
the WindMaster Pro, which depended on the angle of
attack, were corrected following the method of Nakai
and Shimoyama (2012), and the mixing ratios of
carbon dioxide and water vapor measured by the LI-
7200 were used to calculate the carbon dioxide and
latent heat fluxes (Nakai et al., 2011). As the sonic
temperature of the WindMaster Pro was corrected
internally to account for crosswinds, we applied
a humidity correction to the sonic temperature
(Schotanus et al., 1983). Data spikes were removed
following the method of Vickers and Mahrt (1997), and
we used double-coordinate rotation (McMillen, 1988).
We also applied frequency-response corrections
(Moore, 1986). Finally, we conducted quality control,
gap-filling, and flux partitioning on the Alaska data
using a combination of a lookup table and nonlinear
regression following the methods of Ueyama et al.
(2012). In addition, upward (reflective) PAR (LI-190
128 S. Nagai et al. / Polar Science 7 (2013) 125e135quantum sensor, LI-COR) and air temperature (HMP155
humidity and temperature probe, Vaisala, Helsinki,
Finland) were measured at 16 m above the ground.
In Japan, eddy fluxes were measured using a 3D
sonic anemometer (R3-50, Gill Instruments, Hamp-
shire, UK) and an open-path CO2/H2O infrared gas
analyzer (IRGA; LI-7500, LI-COR). To calculate the
eddy fluxes we applied: a crosswind correction to the
sonic temperature (Schotanus et al., 1983), a correction
of the angle-of-attack-dependent error (Nakai and
Shimoyama, 2012), detection and removal of spikes
similar to the method of Vickers and Mahrt (1997),
a double rotation (McMillen, 1988), and a humidity
correction of the sonic temperature (Schotanus et al.,
1983). In addition, we applied the WPL correction
(Webb et al., 1980) to the CO2 and H2O fluxes, and
applied a theoretically derived instrument-heating
correction for the open-path CO2/H2O IRGA (Burba
et al., 2008). Finally, the quality control, gap-filling,
and flux partitioning of data from the Japanese site
were completed using non-linear regression methods
(see Saitoh et al., 2010 for details). Air temperature
(HMP45A, Vaisala, Vantaa, Finland) and PAR (LI-
190SZ, LI-COR, Lincoln, Nebraska, USA) were
measured at the top of the flux towers. To reduce the
impact of systematic noise caused by observationFig. 1. Illustration of the canopy area analyzed to calculate the camer
hue¼ ½ðB DNR DNÞ=ðDNmax  DNminÞ  60þ 120 if G
hue¼ ½ðR DNG DNÞ=ðDNmax DNminÞ  60þ 240 if B
hue¼ ½ðG DNB DNÞ=ðDNmax DNminÞ  60þ 360 if G
hue¼ ½ðG DNB DNÞ=ðDNmax DNminÞ  60 otherwise;errors, we used average GPP and PAR values obtained
between 10:00 and 14:00 LT. Saitoh et al. (2010)
provide a detailed description of the GPP procedure
and micrometeorological measurements.
2.2.3. Calculation of camera-based indices
First, we eliminated blank areas at the periphery of
the fisheye images of the canopy surface and areas near
the tower. Second, we calculated the average values of
the RGB digital numbers (DN) for the analysis area
(Fig. 1). Finally, we calculated the ratios of the indi-
vidual red, green, and blue DNs (R_DN, G_DN, and
B_DN, respectively) to the total DN (rR, rG, and rB,
respectively). We also calculated the camera-based
daily green-excess index (GEI) and hue (in the hue,
saturation, and intensity color model) using the
following equations (Mizunuma et al., 2011;
Richardson et al., 2007, 2009; Sonnentag et al., 2012;
Woebbecke et al., 1995):
rR¼ R DN=ðR DNþG DNþB DNÞ; ð1Þ
rG¼ G DN=ðR DNþG DNþB DNÞ; ð2Þ
rB¼ B DN=ðR DNþG DNþB DNÞ; ð3Þ
GEI¼ 2G DN ðR DNþB DNÞ; ð4Þa-based indices (highlighted areas) in (a) Alaska and (b) Japan.
DN¼ DNmax;
DN¼ DNmax;
DN < B DN;
ð5Þ
129S. Nagai et al. / Polar Science 7 (2013) 125e135where DNmax is the maximum value of R_DN, G_DN,
and B_DN, and DNmin is the minimum value of R_DN,
G_DN, and B_DN. The calculations were performed
using the free geographic information system software
GRASS GIS (http://grass.osgeo.org).
Data were missing on 40% and 5% of the survey days
at the sites in Alaska and Japan, respectively (Table 2).
To investigate the effect of weather conditions on the
vegetation indices and GPP, we examined the canopy
surface images and solar radiation data, and then clas-
sified the weather conditions on each day as sunny,
cloudy, disturbed, or not available. First, we visually
excluded missing camera images and categorized the
conditions on that day as not available. Second, we
visually excluded camera images taken under disturbed
conditions that caused large day-to-day fluctuations in
both the DNs and the indices (e.g., Ide and Oguma,
2010). If camera images were obtained under foggy,
snowy, rainy, or dark conditions in Alaska, we catego-
rized the conditions on that day as disturbed. If fog,
snowflakes, or water drops covered the canopy surface
image in Japan, we categorized the conditions on that
day as disturbed. At the sites in Alaska and Japan, 6%
and 17% of the surveyed days were classified as
disturbed, respectively. To reduce the impact of
systematic noise due to observation errors, we did not
consider data obtained on days classified as disturbed or
not available. Conditions were sunny when the ratio of
diffuse radiation, estimated by the method of Spitters
et al. (1986), to solar radiation was <0.7, and cloudy
otherwise (Saitoh et al., 2012a,b). We only analyzed
data from sunny and cloudy days, which accounted for
54% of the total in Alaska and 78% in Japan.
3. Results
3.1. rR, rG, rB, GEI, and hue
In Alaska, values of rR, rG, and rB remained almost
constant (ca. 0.33) until day of the year (DOY) 115Table 2
Summary of weather conditions at the two study sites. Values repre-
sent the percentage of the total number of days during the study
period.
Site Proportion (% of days)
Sunny Cloudy Disturbed Not available
Alaska 35 19 6 40
Japan 42 36 17 5
“Not available” means missing data or days when fog, snowflakes, or
water drops covered the canopy surface image (See the text for a more
detailed description).(Fig. 2 aec). rR increased rapidly in the period
between DOY 118 and 123, but then decreased
between DOY 260 and 300. rG (Fig. 2b) and the GEI
and hue values (Fig. 3 a, b) gradually increased
between DOY 130 and 180, before gradually falling
again between DOY 180 and 260. rB (Fig. 2c)
decreased between DOY 120 and 180, and then
increased between DOY 180 and 300.
In contrast, in Japan, rR gradually decreased
between DOY 100 and 200, but then gradually
increased from DOY 200 to 360 (Fig. 2d). rG (Fig. 2e)
and GEI (Fig. 3f) increased from DOY 50 to 120, and
then decreased between DOY 120 and 200, while rG
increased and GEI decreased from DOY 300 to 360. rB
decreased between DOY 50 and 120, and increased
from DOY 120 to 200 before gradually decreasing
again from DOY 200 to 300 and then increasing again
from DOY 300 to 360 (Fig. 2f). Hue gradually
increased from DOY 50 to 200, and then gradually
decreased between DOY 200 and 360 (Fig. 3g).
The maximum annual values of rR, rB, and hue
obtained from the Alaskan data (0.42, 0.36, and 330.8,
respectively) were higher than those from the Japanese
site (0.38, 0.30, and 113.8, respectively). In contrast,
the yearly maximum values of rG and GEI from
Alaska (0.39 and 45.9, respectively) were lower than
those from Japan (0.44 and 69.1, respectively). GEI
values from both Japan and Alaska remained almost
positive throughout the year. In Japan, the rR values
were about 0.02 higher on sunny days, whereas hue
values were about 0.02 lower. Other than these results,
we did not detect any change in response caused by
changing weather conditions at the two sites. Cloudy
conditions were about twice as frequent in Japan as in
Alaska.
3.2. GPP, temperature, and PAR
In Alaska, GPP gradually increased between DOY
130 and 200, and then gradually decreased from DOY
200e280 (Fig. 3c). In contrast, in Japan, it gradually
increased from DOY 1e240 before gradually
decreasing between DOY 240 and 360 (Fig. 3h). The
yearly maximum value in Japan (34.6 mmol m2 s1)
was about 2.5 times greater than that in Alaska
(13.6 mmol m2 s1). We did not detect any variability
related to changing weather conditions in Alaska, but
GPP was much higher on sunny days in Japan.
In Alaska, temperature increased rapidly between
DOY 90 and 150, and then rapidly decreased from
DOY 260e280 (Fig. 3d). In contrast, the temperature
in Japan increased gradually from DOY 1e210, but
Fig. 2. Seasonal variations in (a, d) rR, (b, e) rG, and (c, f) rB at the sites in Alaska and Japan. rR, rG, and rB represent the ratios of the red, green,
and blue digital numbers, respectively, to the total digital number.
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(Fig. 3i). Although the yearly maximum temperatures
(Alaska: 20.6 C; Japan: 23.5 C) were similar at both
sites, the yearly minimum in Alaska was more than
33 C lower than that in Japan (Alaska: e40.5 C; not
shown in Fig. 3d, Japan: e6.9 C).
PAR followed a bell-shaped seasonal curve at both
sites, but increased later and decreased earlier in
Alaska (Fig. 3e) than in Japan (Fig. 3j).
3.3. Relationship between camera-based indices and
GPP
The timing of the increases and decreases in rG,
GEI, and hue were positively correlated with those of
GPP at both sites. In contrast, the seasonal cycle of rB
was inversely correlated with that of GPP at both sites,
while the seasonal cycle of rR in Japan was inversely
correlated with that of GPP (Table 3).
4. Discussion
Seasonal variations in the values of rG, GEI, and
hue followed generally bell-shaped curves at both sites,
although at the Japanese site values of rG and GEIdecreased in the middle of the growing season due to
the leaf flushing of new whitish-green leaves in the
canopy (Nagai et al., 2012), but the yearly maximum
values and timings of the increase and decrease
differed (Figs. 2 and 3). This result agrees with
previously reported seasonal patterns for these
parameters (Bater et al., 2011; Richardson et al., 2009;
Sonnentag et al., 2012). However, the canopy images
from Alaska mainly showed seasonal changes in the
forest floor vegetation, whereas those from Japan
mainly indicated changes in the tree canopy. This
probably resulted from the differences in the structural
characteristics of the forest at the two sites: the Alas-
kan forest had an open canopy, whereas the Japanese
forest had a closed canopy.
In contrast, the rR and rB curves show different
seasonal curves at the two sites (Fig. 2), and there are
several possible explanations for these differences. In
Japan, the color of the tree canopy changed from dark
green to reddish green during the winter due to an
accumulation of xanthophyll-cycle pigments such as
rhodoxanthin in the leaves, which protect leaves from
excess absorbed light, combined with low temperatures
during thewinter (Han et al., 2003; Hughes, 2011; Nagai
et al., 2012; Saitoh et al., 2012b). In contrast, the canopy
Fig. 3. Seasonal variations in (a, f) the green-excess index (GEI), (b, g) hue, (c, h) gross primary production (GPP), (d, i) air temperature, and (e,
j) PAR at the sites in Alaska and Japan under different weather conditions (sunny and cloudy). Note that when the values of hue were greater than
80 during the winter (i.e., before DOY 118 and after DOY 297), data were not shown in the figure.
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proportion of the ground surface (because of the sparse
canopy), which was fully covered by snow during the
winter, had no foliage shortly after snowmelt, and
significant color after the development of leaf color by
the forest floor vegetation. During the summer growing
period, these images partially included the soil surface,
because the ground was not fully covered by the foliage
of the forest floor vegetation.
GPP followed a bell-shaped seasonal curve at both
sites, despite their different yearly maximum values
and the different timing of the rises and falls in GPP
(Fig. 3c, h). This may be related to a decrease inphotosynthetic capacity caused by the low tempera-
tures and PAR during the winter (Saitoh et al., 2010;
Ueyama et al., 2006). However, the photosynthetic
activity of the forest floor vegetation at the site in
Alaska may affect the seasonal cycle of GPP more
strongly than in Japan, where the canopy is closed and
the forest floor vegetation is sparse. This possibility is
supported by Ueyama et al. (2006), who found that the
seasonal pattern of potential photosynthetic capacity in
the black spruce forest of Alaska was correlated with
that of the leaf area index, which was strongly affected
by understory vegetation. Further studies, such as
evaluations of the biomass, PAI, and GPP of black
Table 3
Determination coefficient (R2) for relationships between rR, rG, rB,
GEI and hue based on canopy images and GPP on sunny days at the
Alaska and Japan sites.
Site Relationship R2 N
Alaska rReGPP 0.00 (p ¼ 0.91) 92
Alaska rGeGPP 0.82*** 92
Alaska rBeGPP 0.46*** 92
Alaska GEIeGPP 0.86*** 92
Alaska hueeGPP 0.76*** 92
Japan rReGPP 0.32*** 153
Japan rGeGPP 0.50*** 153
Japan rBeGPP 0.10*** 153
Japan GEIeGPP 0.59*** 153
Japan hueeGPP 0.57*** 153
In this analysis, we removed the values when the values of hue were
over 80 during the winter (i.e., before DOY 118 and after DOY 297).
***p  0.001.
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to accurately evaluate the relationship between
phenology and photosynthetic capacity in Alaska using
camera-based indices. To improve the accuracy of
phenological observations, cameras aligned parallel to
the forest floor could be used to distinguish between
the black spruce and the forest floor vegetation (Bater
et al., 2011; Graham et al., 2010).
Our results indicate that values of rR, rG, and rB,
which are directly correlated with the light absorption
of leaf pigments such as chlorophyll, anthocyanins,
and carotenoids (Sims and Gamon, 2002), are more
useful than GEI and hue for accurately identifying the
diagnostic characteristics of various forest stands
caused by differences in ecosystem structure, such as
tree crown density and biomass. This suggestion is
supported by Nagai et al. (2011), who reported the
correlation between the seasonal patterns of normal-
ized rR, rG, and rB values and the ecological charac-
teristics of the canopy such as leaf area index (LAI)
and leaf chlorophyll content among different species in
a deciduous broad-leaved forest. In contrast, GEI and
hue are more appropriate for assessing the seasonal
differences in photosynthetic capacity among ever-
green coniferous forests caused by differences in
ecosystem structure and environmental factors such as
temperature and PAR. These two suggestions support
the importance of selecting the optimal camera-based
indices for each phenological event such as leaf
expansion and leaf fall (Zhao et al., 2012).
Saitoh et al. (2012b) reported that the seasonal
patterns of rG, GEI, and hue coincidedwell with those of
the corresponding spectral indices in a deciduous broad-
leaved forest located close to the present study site in
Japan. This suggests that it may be necessary to examinethe relationship between canopy surface images and
satellite-observed vegetation indices if the goal is to
develop a comprehensive phenological observation
network for ground-truthing satellite-observed vegeta-
tion indices. Accordingly, we examined the relationship
between the normalized-difference vegetation index
(NDVI) based onMODIS (moderate resolution imaging
spectroradiometer) data from the Terra satellite (at
a spatial resolution of 500  500 m and using images
with no cloud or aerosol contamination) and the canopy
surface images from our sites in Alaska and Japan. We
performed this analysis daily (see Appendix A for
a detailed description).
In Alaska, NDVI increased during the spring (DOY
120e180) due to snowmelt and leaf flush of the forest
floor vegetation, and then decreased during the autumn
(DOY 210e300) due to the development of autumn leaf
color followed by leaf fall on the forest floor vegetation
(Fig. 4 a). The timing of the increase and decrease of
NDVI was positively correlated with those of rG, hue,
GEI, and GPP, but inversely correlated with those of rB
(Table 4). In contrast, in Japan, although slight increases
or decreases of NDVI were seen during the spring (DOY
115e160) and autumn (DOY 230e300), the amplitude
of the seasonal cycle of NDVI was much smaller than
that in Alaska (0.27; Fig. 4b). The seasonal variation in
the NDVI was positively correlated with seasonal
patterns of rB, hue, and GPP, but inversely correlated
with changes in rR (Table 4). Although NDVI values
during the winter at high latitudes contain noise caused
by the view zenith angle of the satellite sensor (Omi
et al., 2009), seasonal changes in the forest floor vege-
tation may also strongly affect seasonal variations in the
NDVI. This possibility is supported by the results of
Nagai et al. (2012),who found that theNDVI at our study
site in Japan was almost constant throughout the year
(about 0.8), in marked contrast to the large seasonal
changes at the site in Alaska.
Suzuki et al. (2011) reported the importance of
seasonal patterns in forest canopy and floor status to
observations of NDVI seasonality in the sparse boreal
forest of Siberia. Although further study is required to
accurately evaluate the relationship between canopy
surface reflectance, and the forest canopy and floor
status (Kobayashi et al., 2007), multi-site phenological
observations using digital cameras will facilitate
ground-truthing to evaluate the impact of forest canopy
and floor status on LAI and photosynthetic capacity in
evergreen coniferous forests from plot to global scales.
Further consideration of parameters such as the degree
of canopy openness, and seasonal changes in forest
floor vegetation, will therefore be required to permit
Fig. 4. Seasonal variations in the NDVI based on the Terra/MODIS sensor data and the corresponding phenological development at the sites in
(a) Alaska and (b) Japan. Typical camera images of the canopy are shown at the top of the figure.
133S. Nagai et al. / Polar Science 7 (2013) 125e135continuous observation of the phenology of evergreen
coniferous forests using near-surface and satellite
remote sensing techniques.
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Appendix A.
We used the atmospherically corrected Terra/MODIS
Surface Reflectance Daily L2G Global 500 m SIN Grid
V005 data set (MODGA; collection 5) distributed by the
NASA Land Processes Distributed Active Archive
Center (LP DAAC; https://lpdaac.usgs.gov/get_data/
data_pool). We extracted the only one pixel value of the
area containing the flux footprint at the sites inAlaska and
Japan in the 500 m surface reflectance band 1
(620e670 nm, visible red; Refred) and band 2
(841e876 nm, near infrared; RefNIR) from the
MOD09GA product for tiles h12v02 and h29v05 using
the MODIS Reprojection Tool provided by the LP
DAAC. In Japan, we extracted the only one pixel value at
3608012.9200N, 13722014.3000E, which is located about
360 m south of the flux tower, because north of the flux
tower there is an area of rice paddy, settlements, and
deciduous forest (Saitoh et al., 2010; Wahid and
Akiyama, 2007). In Alaska, we removed surface reflec-
tance data in January and December (the polar night). To
remove surface reflectance data contaminated by cloud,
we checked the values in the Reflectance Data State QA
(State_1 km) at a spatial resolution of 500 m using the
134 S. Nagai et al. / Polar Science 7 (2013) 125e135MODIS Reprojection Tool. We extracted only those data
satisfying all of the following conditions: (1) cloud state
was clear; (2) no cloud shadow was present; and (3) the
aerosol quantity was not large. In addition, to remove the
noise caused by large satellite zenith angles in satellite
observations,we extracted the satellite zenith angles from
the MOD09GA product using the MODIS Reprojection
Tool, and then removed surface reflectance data obtained
at satellite zenith angles greater than 45. Finally, we
calculated the daily NDVI using the following equation:
NDVI¼ ðRefNIR Ref redÞ=ðRefNIR þRef redÞ: ð6Þ
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